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The useful wind energy potential in the Sahelian part of Chad is estimated by considering two
representative sites hamely, Mongo and Abeche from a long series of in situ wind speed
measurements over a period of thirty years at 10 m height from the ground. The Weibull
distribution statistic was used and its parameters were used to show the influence of turbulence
sources on the wind speed at 10 m. Vertical extrapolation of the Weibull parameters and wind
speed at different heights from 10 m to 100 m provided more usable wind speeds. The results
show that on average the wind is more intense and stable in Mongo than in Abeche and that
the wind speed values increase with height with the influence of turbulence sources quantified
at about 22.15% in Abeche and 19.93% in Mongo. The comparative study of the five turbines
used shows that the De Wind D7 turbines with $0.057/kWh at 70 m in Abeche and Bonus
1MW/54 turbines with $0.067/kWh at 50 m in Mongo are better suited to produce energy
according to their production capacity. The minimum and maximum electricity costs per
kilowatt hour obtained using these two best turbines are very competitive compared to the cost
of electricity in Chad (about $0.16/kWh) and that the installation of a wind farm in these cities

could significantly improve the socio-economic situation of households.

1. INTRODUCTION

Renewable energy sources have been the subject of renewed
interest in recent years. The main cause of this boom is hidden
behind the forecasts of depletion of the planet's conventional
energy resources: oil, natural gas, coal and even uranium. On
the contrary, renewable energies can be considered as
inexhaustible on a human scale, since they use natural energy
flows coming from the sun, wind, water or biomass. Another
reason for the development of renewable energy sources is the
non-uniform distribution of conventional energy resources on
the planet. A considerable part of the world's population does
not have access to electricity (about 15% of the population or
1.1 billion people according to the World Bank in 2014),
which is a barrier in their socio-economic development. These
electrical needs can be met through distributed power
generation provided by renewable energy systems capable of
offering a taxonomy of solutions such as decentralized energy
production [1, 2]. Another important reason is the fight against
pollutant emissions which are the cause of many harmful
phenomena such as additional greenhouse effect, stratospheric
ozone hole, global warming. Electricity production from fossil
fuels is responsible for 40% of the world's CO, emissions. It is
therefore only natural that recently the role of renewable
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resources such as wind, solar and other resources is increasing,
both in research and development and in the possibilities of
implementation through viable projects [3-7].

Chad is a developing African country located in Central
Africa south of the Sahara desert, with an economy that is still
in the making and is being built day by day. Electricity is
mainly produced by thermal power plants based on oil and gas,
but its geographical position from the point of view of
renewable energies gives it several advantages and it can
ensure a major part of its energy production through the
exploitation of solar and wind energy potential [8-10].
According to the national report for the formulation of the
Chad Regional White Paper, the sunshine duration from North
to South is between 2750 and 3250 hours/year, an average of
4 to 6 kilowatts/hour per square meter per day. Following the
satellite estimates of Figure 1, for wind energy there are
important deposits in the North, Center and South of the
country. In the 70's the biomass (especially ligno-cellulosic) is
estimated to 312 million hectares, but the surface has
decreased nowadays by about 23 million hectares. The energy
balance includes 3 to 4% of electricity of thermal origin, 6 to
7% of petroleum products and more than 90% of firewood and
charcoal. However, very few Chadian domestic households
have access to electricity, with the proportion varying from
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15% in the capital N'Djamena to 2% in the provinces [11].
Given that it does not have a modern electricity transmission
network, the country can rely on its renewable energy potential
for viable and cost-effective access to energy for this
population. This potential can be used as an alternative or as a
back-up to ensure energy production and thus enable the
country to move towards energy independence by improving
its energy mix. Wind power is of interest in the Guera region
in the center and Ouaddai in the east of the country where wind
speeds are in the order of 3 to 6 m/s [11]. Several Chadian
regions, as shown in Figure 1, are likely to be the subject of
in-depth studies with the aim of proposing more promising
solutions in order to consider the possibility of exploitation of
wind energy [11, 12]. It is in this context that many researchers
are motivated to propose solutions to palliate the energy
problems in Chad [9, 11-14]. Several methods of estimating
the wind potential have been developed in the literature in
order to propose reliable tools, adequate and more adapted to
different situations encountered such as the type of data
available, the climatic context, the expected results [15-19].
The knowledge of the wind speed distribution characteristics
in wind project sites is essential not only for the evaluation of
the wind potential and the selection of favorable sites, but also
for the sizing of wind power plants and the appropriate choice
of wind turbines [20]. Also, the knowledge of the essential
parameters for the good functioning of a wind turbine such as
the design, the blades, the average wind speed, the speed
multiplier is important for the optimization of its performance
[21-23]. Because the improvement of the performance is of
great importance from the energetic, economic and
environmental point of view [24]. The most useful fitting
functions are the Weibull and Rayleigh functions. Particular
attention has been focused on the Weibull law because this
method has been found to fit much better for most wind
regimes in the world [25-29]. Gupta and Biswas [30] in their
study analyzed over a period of five years the wind energy
potential in India. Weibull and Rayleigh distributions are used
and their results were compared. Also, to determine the wind
energy potential of Agartala (Tripura, India) over a five-year
period from 2009 to 2013, Sengupta et al. [31] used different
models such as Rayleigh and Weibull distribution functions.
To validate and predict, the autoregressive integrated moving
average model (ARIMA) was fitted to the data. Thus, to
evaluate the wind energy potential of a site, it is important to
express the frequency distribution of the wind speed [32]. In
Garoua, Cameroon, to select wind turbines, the authors
evaluated the wind energy potential at the study site [33]. The
same applies to a site in the coastal region of Benin for the
production of electricity [34]. In order to optimize the
operation of wind farms, certain measures must be taken into
account. Indeed, a wrong choice of certain parameters can be
detrimental to a wind power installation [35-37]. For this
reason, a preliminary study phase is of great interest in order
to identify the conditions and constraints to be taken into
account in the realization of a wind power project. It is
therefore necessary to carry out a study and analysis of the
climatology of the site considered, because a good knowledge
of this site allows a better exploitation and production of
electrical energy. Very few studies on wind energy in Chad,
and more particularly in the cities of Abeche and Mongo with
long series of measurements, have taken into account an in-
depth analysis of the site’s potential before a techno-economic
analysis of its exploitation.

The main objectives of this study are to evaluate the wind
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potential from a long series of measurements and then make a
technical-economic analysis of the electricity production in the
cities of Mongo and Abeche in Chad. Specifically, in a first
step, the wind speed data in the two selected cities is
statistically analyzed in order to draw conclusions and
projections in its use in the following work. In a second step,
the Weibull distribution statistic is used and its parameters are
determined, analyzed and a comparative study of the wind
potential in the two cities has been made. Then, the prediction
of the electrical energy produced in the two sites, followed by
a technical-economic analysis on the judicious choice of wind
turbines. The main contributions of this study are:

. The stability and intensity of the wind over a long
period of time were quantified in both cities.

. The sources of turbulence have been analyzed and
their influence is quantified in both cities.

. An optimal choice of turbines for energy production
is made for the construction of wind farms in both cities.

. The electricity prices per kilowatt hour produced by
the selected turbines are more competitive compared to the
price paid by households in Chad.

This study is part of the contribution to the development and
enhancement of national energy resources for electricity
supply by taking advantage of the significant potential of wind
power in the cities of Mongo and Abeche in Chad.

(m/s)

Figure 1. Map of wind potential in Chad [12]

2. DATA, STUDY AREA AND METHODOLOGY
2.1 Data and study area

In order to carry out a study proposing a sustainable solution
to the problems of access to energy in the regions of Guera and
Ouaddai, the cities of Mongo and Abeche are geographically
chosen respectively to carry out this study on their wind
energy potential. These two cities are located in the Sahelian
climate of Chad. Figure 1 shows the geographical location of
these cities and their mapped wind potential, and Table 1 gives
their geographical coordinates.

Evaluation or any other study of wind energy requires
knowledge of the wind speed in the given locality at a defined
height above the ground. The measured wind speed data useful
in this work were obtained from the National Climatological
Service of the City of Mongo in Chad. This long series covers
a period of about thirty years from 1990-2020 for the city of



Mongo and 1989-2021 for the city of Abeche. The
observations were made at a height of 10m above the ground
using a cup anemometer with +0.5m/s accuracy. The use of a
long time series of at least 30 years allows for making a good
inference and to minimize the biases that can bias the
statistical analysis. Moreover, this long period allows for
taking into account the different fluctuations in time of the

wind speed and the phenomena that are associated with the
impacts of global warming. Thus, from the daily averages
provided, the monthly averages for each year, the generalized
monthly averages over all the years considered are calculated
for each city. The results are presented in Table 2.

Table 1. Geographical coordinates of the selected sites [10]

Geographical Ordinates Longitude (N) Latitude (E) Altitude (m)

Mongo
Abeche

18.18
20.83

12.68
13.83

424
545

Table 2. Monthly average of wind speed measured at studied farms (in m/s)

Month Jan Fev Mar Apr May Jun July Aug Sep Oct Nov Dec Mean
Mongo 5.13 5.10 5.10 4.50 3.93 4.20 3.40 2.98 2.80 3.30 4.50 4.10 4.09
Abeche 3.46 3.44 3.88 3.72 3.42 3.02 3.26 2.72 2.70 3.26 3.18 3.30 3.28
2.2 Methodology 3.69
k = 1+ 2 (4)
2.2.1 Statistics of the Weibull distribution (Ef )
In the literature as mentioned, the two-parameter Weibull
statistical distribution is the most appropriate and most used of v
the statistical methods to evaluate the wind energy potential c= 5)

because the knowledge of the wind speed data alone does not
clearly allow it. The parameters of the statistical Weibull
distribution provide information on the stability and intensity
of the wind speed at the selected study site. However, these
parameters allow defining the probability density and
cumulative Weibull functions given by Eq. (1) and Eq. (2)
respectively, characterizing the wind speed variations [3, 14].

-4 en ()

C,V and K are respectively the Weibull scale parameter,

the mean of the computed wind speed and the Weibull shape
parameter. These parameters are strictly positive.

o] 1]

There are several methods for determining these two
Weibull parameters [14]. Among these methods are the
maximum likelihood method, the standard deviation method,
the power density method, the energy factor method. For this
study, the energy factor method is chosen to be useful and is
given by Eq. (3) where n is the number of observations and j
is the index of the increment.

(M

2

€)

From the relation Eq. (3) the determination of the
parameters & and ¢ of this distribution can be possible by using
the relations Eq. (4) and Eq. (5) respectively [29].
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I' is the gamma function depending on the shape parameter
k.

2.2.2 Estimation of the most probable wind speed and
maximum wind speed

The most probable wind speed at the site can be estimated
from the relation Eq. (6) and the speed at which the wind can
carry a maximum of energy is calculated through the relation
Eq. (7) [14]. The determination of these speeds allows us to
project the possibility of electrical production of the wind
turbine at this chosen height.

1/k
Vo, = c(l—%j (6)
1/k
Vi e = c(l+%) @)

2.2.3 Turbulence index

It can be described as the share of dispersion of the wind
speed distribution or it is the measure of the degree of
dispersion of the wind speed distribution. This index takes into
account the effects of the height of the nacelle, the type of
environment on the wind speed and many other sources of
turbulence at the chosen site such as the quality of the wind
data measurements, the quality of the measuring equipment,
variability of sunshine in the region. The relation Eq. (8a)
allows to estimate it in which represents the standard deviation
of the distribution and the average wind speed calculated from
the equation Eq. (8b) [38].

| = (8a)

<i|q
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(8b)

2.2.4 Extrapolation of wind speed at different hub heights
The standard height for wind speed measurements is 10m
from the ground. However, for a wind project, extrapolations
can be made for several reasons: when the wind speed is too
low or too variable to provide a power output that can be
exploited; when the site design defines a level of electrical
production that cannot be achieved from measurements taken
at the defined height. These in order to make a significant
evaluation of the wind potential for energy interests. Thus, the
extrapolation of wind speed for modeling its vertical profile at
different heights can be done from the relationship Eq. (9)
where the initial or standard height is, the exponent m is a
function calculated from Eq. (10) depending on the scale
parameter of the speed taken at the standard height [14].

)

= 0:37-0088In (v)

1-0.088In| 2o
10

The extrapolation of the parameters of the Weibull
distribution statistic is done from Eq. (11) for the shape
parameter and Eq. (12) for the scale parameter. z is the new
height from which the extrapolation is performed and m; a
function depending on Cyy -

(10)

1—0.088In(z°j
« _k 10

=K, % (11
1—0.088In()
10
7 my
¢, =C, (—J (12)
0 ZO
0.37-0.088In(c, )
- (13)

1-0.088In| 2
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2.2.5 The power and energy densities of the wind speed

From the determination of the two Weibull parameters k£ and
¢, the power and energy densities of the wind speed are
respectively calculated using the relations Eq. (14) and Eq. (16)
[3, 33]. In these equations is calculated from the relation Eq.
(15) in which % represents the altitude of the area, the density
of the air taken at sea level and T the time expressed in hours.

WPD :%pc3r(1+g) (14)

p=p,—-1194*10"h (15)
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WED :%pcsr(lJrEjT (16)

2.2.6 Turbine power output and capacity factor

The capacity factor provides an important indication for
calculating the profitability of an electrical installation. For an
electrical production unit, it is defined as the ratio between the
energy it produces over a given period and the energy it would
have produced during that period if it had been operating
constantly at nominal capacity. This factor varies from one
production unit to another depending on the energy source, its
location and the level of use of the production unit. It is
determined by the relation Eq. (17) in which P, is the nominal
power of the turbine and Pout is the average output power
delivered which is calculated from the relation Eq. (18) [39].

P
> (17)

L
P =P, ﬁ—em (18)
() -8)

This indicator of the energy produced Cyby a wind turbine
is evaluated for a reference period of one year. Experimentally,
the average load factor is about 25%.

2.2.7 Techno-economic analysis of the wind power project

In this section, we will perform an economic feasibility
assessment based on the determination of the present value of
the investment costs and the unit cost of electricity produced
by different turbines at the two sites. The ability of a wind
turbine to produce electricity at a low unit cost is one of its
best technical-economic aspects. The determination of the unit
cost of electricity requires prior assumptions on the
determination of the main energy saving parameters which are
[31:

> The investment cost (Cj): it takes into account the
price of the turbine plus the cost of civil works and cables for
connection to the grid (20% of the price);

> The cost of operation, maintenance and repair (Comr):
it represents 25% of the annual cost of the turbine (price of the
life of the machine);

> The discount rate (r): it corresponds to the cost of
capital financing the project. In other words it is the rate of
return desired by the investors. It is assumed to be 10%
depending on the context of the investment climate in the
country;

> The inflation rate (i): it is assumed to be 5%;

> The life of the machine (t): it is assumed to be 20
years;

> The supplementary cost (S): it is taken at 10% of the
investment cost of the machine and civil works.

The assumptions made about the above economic
parameters take into account the investment climate and
economic context of Chad. Then, the present value of the costs
is determined from the relation Eq. (19) [40].



1+i 1+i ) 1+i )
PvC=C +—|1-| — | |C,,, -S| — (19)
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The cost per unit (CPU) can be determined after calculating
the energy produced and the PV'C using the relation Eq. (20)

[3].

PvC

T

CPU =

(20)

3. RESULTS AND DISCUSSION

The wind speed data taken for thirty successive years useful
in this work are statistically analyzed and the descriptions are
given in Table 3 for the city of Abeche and Table 4 for the city
of Mongo. A subdivision into three parts of the data was made
for a 10-year step with the calculated averages. The
comparison between these three time series and the one taken
over the entire 30-year period was illustrated graphically in
Figure 2, which shows monthly temporal variations. In the city
of Abeche, the graphical analysis shows that on average the
wind speed increases monthly with the year. This is almost the
opposite on average in Mongo. These differentiated effects of

the evolution of the year on the wind speed observed in these
cities can be attributed on the one hand to the effects of climate
change which are the consequences of global heating and on
the other hand by the effects of the type of environment such
as the structures of the reliefs, cities. These graphical results
support those obtained in Table 3 and Table 4.

In Table 3, parameters such as arithmetic mean, standard
deviation, minimum, maximum, mode and quartiles are
calculated for each month. It can be seen that the average wind
speed is low between the months of June and November and
high between January and April. However, the lowest wind
speed value recorded is 1.17m/s in September and the highest
wind speed value is 6.62m/s recorded in February. These
results are close to the case of Abeche [12]. Moreover, 75% of
the wind speed values in February are less than or equal to
3.60m/s. This shows in this month a significant variation
around its average wind speed quantified at 0.994m/s. While
it is less variable in October with a difference of 0.553m/s
around an average of 3.26m/s. Moreover 50% of the wind
speed values are below or equal to 3.38m/s and 75% below
3.78m/s. This is very close to the average. The annual trend
over all the years considered shows that the wind speed is
around 3.28m/s, with an average deviation of 0.72m/s. The %
of the wind speed values are equal or lower than 3.79m/s, half
of its values are below or equal to 3.34m/s, then only 25% of
its values are below or equal to 2.85m/s.

s ABECHE ; MONGO
—-&-— Average over 30 years (1990-2019) —-$-— Average over 30 years (1990-2019)
45+ —<— Average over 10 years (1990-1999) | —<— Average over 10 years (1990-1999)
Average over 10 years (2000-2009) Average over 10 years (2000-2009)
—&— Average over 10 years (2010-2019) 6 I —©O— Average over 10 years (2010-2019) B
£ £
S bt
& &
E 3
= =
1.5 b
‘l - -
0.5 B
0 : . . . . . . . . : 1 . . . . . . . . . .
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month Month
Figure 2. Monthly profile of the average wind speed in the study cities according to the periods considered
Table 3. Descriptive analysis of wind speed data in the city of Abeche
Mean Speed Standard . . . .
Month Wind Deviation Min Max Mode Quartile 1 Quartile 2 Quartile 3
Jan 3.46 0.590 2.36 4.98 3.98 3.21 3.60 3.86
Feb 3.44 0.994 2.25 6.62 2.56 2.89 3.28 3.60
Mar 3.88 0.751 2.47 4,99 4.68 3.37 3.75 4.68
Avr 3.72 0.639 2.14 4,99 3.57 3.38 3.57 4.26
May 3.42 0.671 2.17 451 3.3 3.13 3.32 411
Jun 3.02 0.788 1.23 3.91 3.36 2.52 3.27 3.63
Jul 3.26 0.696 1.76 4.09 3.79 2.79 3.57 3.79
Aug 2.72 0.769 1.08 3.7 3.3 2.24 2.99 3.38
Sep 2.70 0.751 1.17 3.97 2.39 2.77 3.10
Oct 3.26 0.553 2.22 3.99 2.86 3.38 3.78
Nov 3.18 0.704 2.12 4.74 2.53 3.33 3.66
Dec 3.30 0.698 2.14 4.83 2.95 2.88 3.27 3.71
Mean 3.28 0.72 1.93 4.61 2.85 3.34 3.79
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Table 4. Descriptive analysis of wind speed data in the city of Mongo

Month Wind Speed Standard Deviation Min Max Mode Quartile 1 Quartile 2 Quartile 3

Jan 5.13 1.02 325 775 525 4.60 5.25 5.64
Feb 5.10 1.46 3.00 895 5.14 4.00 5.10 6.02
Mar 5.10 1.40 3.12 8.58 3.32 3.65 5.25 5.97
Apr 4.50 0.81 3.19 6.11 4.25 3.96 4.46 5.28
May 3.93 0.68 232 571 3.72 3.46 4.11 4.26
Jun 4.20 0.77 3.07 6.76 4.03 3.67 4.08 4.48
Jul 3.40 0.54 2.09 523 3.21 3.21 3.25 3.38
Aug 2.98 0.49 2.14 3.78 3.21 2.49 3.14 3.30
Sep 2.80 0.51 2.15 3.71 3.11 2.26 3.11 3.19
Oct 3.30 0.53 2.11 430 3.19 3.19 3.26 3.49
Nov 4.50 1.14 244 6.76 4.95 3.54 4.48 5.16
Dec 4.10 0.73 3.11 5.63 4.79 3.67 3.77 4.62
Mean 4.09 0.84 2.67 6.11 4.01 3.47 4.10 4.57

The same calculations in Table 3 are applied in Table 4 in
the case of the city of Mongo. In the latter, it can be noted that
the lowest recorded value of wind speed is 2.11m/s in October
and the maximum is recorded in February of 8.95m/s. On
average the wind is weaker in September and stronger in
January. This can be explained by the high variations in wind
speed over time which are justified by the standard deviation
values obtained. It can be seen that in February the variations
are more important than in January by 0.03m/s and that in
October the variations are more important than in September
by 0.02m/s. In addition, 75% of the wind speed values are less
than or equal to 6.02m/s in February compared to January
where 75% of the wind speed values are less than or equal to
5.64m/s. Also, in October 50% of the wind speed values are
less than or equal to 3.26m/s while in September 50% of the
wind speed values are less than or equal to 3.11m/s.

On average for the two cities, the trend in wind speed is
more significant in the dry season (November to May) and less
significant in the rainy season (June to October), in according
with the results [12]. These indicators make it possible to
observe, quantify and analyze the variations and variabilities
in wind speed over time as well as the unobserved specificities
of the Sahelian climate and its seasons in each of these cities.
In order to take all of these factors into account in this study,
the monthly averages of wind speed calculated over the thirty
years will be considered in the following work.

3.1 Comparative analysis of the wind potential of the study
cities

From the averaged speeds calculated at the height of 10m
above the ground, Table 5 and Table 6 give the results obtained
at a time resolution of one month of the cities of Abeche and
Mongo respectively. In the case of the city of Abeche (Table
5), it can be seen that on average depending on the values of
the shape parameter with 3.24<k<4.15 the wind speed is more
stable and depending on the values of c its intensity is high.
The months of January, April and October show the most
stable with wind speed distribution probabilities of 40.45%,
37.91% and 42.87% respectively. These results obtained in
relation to the dispersions around the average wind speed in
Table 3 confirm this. This can also be verified by the low
dispersion rates of the wind speed distribution of about 17%
during these months. The months of February, August and
September are less interesting. On an annual average, for an
average intensity of 3.66m/s the power density of the wind
speed is 24.71W/m? producing an average energy density of
17kWh/m? for an observation probability of 39.986%. Also,
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the cumulative probability that the wind speed values
throughout the year are less than or equal to 3.82m/s on
average is 48%.

In the case of the city of Mongo (Table 6), it can be seen
that during the most stable months the intensity of the wind
speed is not significant. This is the opposite during the less
stable months. The months in which the wind speed is more
stable start from April to October with low intensities between
3.15m/s and 4.93m/s. This stability is marked by less
turbulence sources whose impact is estimated at about 17%.
While during the less stable months the wind speed intensity
is high at about 5m/s with a low observation probability
around 25% and the impact of turbulence sources is estimated
at about 22%. These may be due to the large temporal
dispersion of wind speed data around the quantified average
observed monthly (see Table 4). On an annual average, for an
average wind speed of 4.09m/s the intensity is 4.50m/s with an
observation probability of 34.71%. Thus, the cumulative
probability that the wind speed values throughout the year are
less than or equal to the average is 49.30% with an estimated
energy density of 35.97kWh/m?.

Wind energy density increases with wind speed intensity in
both cities. Turbulence sources have a greater influence on the
wind speed in Abeche than in Mongo. There is a slight
difference of 0.8 1m/s between the annual average wind speeds
in the two cities. This has a significant impact on the power
density. On an annual average the wind power density is
higher in Mongo because the wind speed intensity is
significantly higher than in Abeche. These observed
differences can be caused on the one hand by the environment
i.e., the local topography and wind direction, by the
differentiated effects in the two cities of the sunshine intensity
and on the other hand by other factors such as the sources of
unobserved heterogeneities of the climates of the two cities.
The results of Ref. [12] show that Abeche is windier (with high
wind intensities and stability on average) than Mongo, which
is contrary to the results of this present study. These
discrepancies are attributed to the temporal resolution of the
average wind speed considered in the two studies (short time
series of five years for Ref. [12] and long time series of thirty-
years for the current study), because according to Ref. [41, 42],
observing wind speed over a period of less than thirty years
can inherently cause variations in the long-term average in
resource assessment. Thus, the results found in this current
study are considered acceptable for analyzing the wind
potential and carrying out an analysis techno-economic of
electricity production in the cities Abeche and Mongo.



Table 5. Monthly evaluation of the parameters of the Weibull distribution, densities, powers and energies at Abeche

Month k() c(m/s) WPD (W/m? WED (kWh/m?) Turbulence Index (%) F(v) (%) F(v) (%)
Jan 4.14 3.85 27.69 19.93 17.04 40.455 47.484
Feb 3.25 3.83 28.83 20.76 28.89 32.898 50.721
Mar 4.00 4.29 38.34 27.60 19.36 35.398 48.830
Avr 4.15 4,12 33.86 24.38 17.18 37.917 48.012
May 3.99 3.81 26.92 19.38 19.60 39.635 47.946
Jun 3.64 3.38 19.22 13.84 26.08 41.157 48.479
Jul 3.01 3.63 23.48 16.91 21.37 40.813 47.892
Aug 3.49 3.06 14.45 10.40 28.23 43.763 48.572
Sep 3.48 3.03 14.05 10.12 27.82 44,123 48.552
Oct 4.15 3.64 23.27 16.76 16.97 42.873 47.016
Nov 3.82 3.56 22.09 15.91 22.10 40.871 48.085
Dec 3.86 3.67 24.33 17.52 21.19 39.932 48.154

Mean 3.82 3.66 24.71 17.79 22.15 39.986 48.312

Table 6. Monthly evaluation of the parameters of the Weibull distribution, densities, powers and energies at Mongo

WED

Turbulence

Month k() c(mi)  WPD (WMD) v dox Fv) (%)  F(V) (%)
Jan 3.96 5.58 86.03 61.94 19.97 26.99 51.21
Feb 3.35 5.55 88.16 63.47 28.71 23.28 52.97
Mar 3.46 5.54 86.99 62.63 27.46 24.04 52.62
Apr 4.08 4.93 59.10 42,55 17.91 31.37 49.76
May 4.12 4.34 40.14 28.90 17.37 35.81 48.55
Jun 4.02 4.62 48.76 35.11 18.33 32.94 49.42
Jul 4.18 3.78 26.45 19.04 15.84 4151 47.21
Aug 4.19 3.34 18.19 13.10 16.47 46.92 46.31
Sep 4.08 3.15 15.34 11.04 18.07 48.65 46.36
Oct 421 3.68 24.38 17.55 15.94 42.85 46.90
Nov 3.61 4.93 60.53 4358 2531 28.09 51.27
Dec 4.07 4.52 45.50 32.76 17.84 34.10 49.04

Mean 3.94 4.50 49.96 35.97 19.93 34.71 49.30
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Figure 3. Comparison of the monthly profile of the variations of the mean wind speed, the most probable wind speed and the
wind speed carrying the maximum energy

Based on the results of Table 5 and Table 6, which present
specific correlations between the temporal characteristics of
the wind speed and its average and between the distribution of
the wind speed and its average speed, we can observe in Figure
3 a good significant agreement in both cities between the most
probable speed Vmp and the average wind speed with very
small differences. The calculated correlation coefficients are
R=0.9976 and R=0.9929 respectively in Mongo and Abeche.
The wind speed that can carry the maximum energy is low in
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Abeche with an average of 4.08m/s and 4.99m/s in Mongo
with significant variations observed between rainy and non-
rainy periods of the climate. These results can be supported by
those of the energy density estimates made in Table 5 and
Table 6 and thus supporting their conclusion. In these contexts,
it is important to look for the adequate height for good
electrical production by using a vertical extrapolation of the
wind speed.



3.2 Analysis of the extrapolation of the Weibull parameters,
of the average wind speed at different heights above the
standard

In order to look for high wind speeds following the analysis
of the above results, the vertical extrapolation was performed
and the hub heights varied from 10m to 50m in 10m steps and
then from 50m to 100m in 50m steps, resulting in six (6) height
levels of wind speed evaluation. Figure 4 shows a comparison
of the monthly variations of the average wind speed at
different selected height levels. In both cities, the wind speed
increases with height, this has been observed and found in
Chad in the Saharan climate [ 14]. We notice a significant mean
difference between the 10m and 20m profiles and a less
significant mean difference between the 50m and 100m
profiles with respect to the different steps. These observations
can be well analyzed through the parameters of scale and

T T T
—<—10m
—<—20m ~

30m
—>%— 40m

—&— 50m

Wind speed (m/s)

L L L L L L L L L L L L
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

shape also extrapolated to the same heights. The results are
given in Table 7 and supported by Figure 5.

Figure 5 describes how height has positive effects on wind
speed, improving its stability and intensity at the selected sites.
This trend has been found by Soulouknga et al. [14]. This
implicitly minimizes the influence of some turbulence sources.
In both cities, there is a significant change in wind stability at
a 10m step but less significant at a 50m step. This means that
at a certain height threshold, the stability increases weakly
with the stability regardless of the wind intensity until it
becomes less and less significant. This observation is almost
the same for the case of the wind intensity in both cities. These
findings can be well observed on a monthly basis from Table
7. For the same heights, the extrapolation is more favorable in
Mongo than in Abeche. Therefore, the wind is less stable in
Abeche and of low intensity compared to Mongo where the
wind is more stable and of high intensity.

10 T T T
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—%—40m
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Figure 4. Monthly profile of the average wind speed variation at different hub heights at Abeche and Mongo

3.3 Performance analysis and selection of turbines useful
in both cities

In order to exploit the wind potential and produce electrical
energy, five turbines were selected and used in this work. The
rated characteristics of these turbines are given in Table 7. The
rated powers vary from 300kW to 2000kW and hub heights
from 30m to 70m.

Table 8 and Table 9 show the performance of the turbines
at Abeche and Mongo respectively for hub heights of 10m,
30m, 50m and 70m. In Abeche, up to 50m height only the De
Wind D7 turbine provides a capacity factor close to the
average with a value of 23.69% at 30m and 36.94% at 50m. Its

best performance is at 70m with a capacity factor of 49.79%
and an annual energy output of 537MWh/year. Nevertheless,
the De Wind D8 turbine can be an alternative at heights of 50
m and 70m with a better capacity factor of 28.96% and
417MWh/year of effective energy production. In Mongo, the
city with the most wind, the turbines on average provide good
production capacity from 30m with an annual energy produced
ranging from 73MWh/year to 697MWh/year. Taking into
account the rated height of the hub, the Bonus 1MW/54 turbine
gives good capacity factors ranging from 25.70% at 30m to
36.25% at 50m. Nevertheless, the De Wind D7 turbine can be
an alternative at 30m and the De Wind D8 turbine at 50m.

Table 7. Characteristics of five different commercial turbines [14, 43]

Characteristics

Bonus 300kW/33 Bonus 1IMW/54 Vestas 2MW/80 De Wind D7 De Wind D8

Hub height (m) 30
Rated power Pr (kW) 300
Cut-in wind speed V¢ (m/s) 3
Rated wind speed Vr (m/s) 14
Cut-off wind speed V¢ (m/s) 25

50 67 70 80
1000 2000 1500 2000
3 4 3 3
15 16 12 135
25 25 25 25

62



2

10 T T T T T T T

50 m —<— De Wind D7 in ABECHE
—~ 8F —©&— Bonus IMW/54 in MONGO
s
S
S
9
Ba
&
)
<
=
=<
]
0 . . . . . ! h ; . .
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

30 m —<&— De Wind D7 in ABECHE
_ 6 —o6— Bonus IMW/54 in MONGO |
\c
<5
S
=
o 4
&
£3
<
2
g2
Q
1
0 1 1 1 1 1 1 L 1 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month ) —
70 m
—_
X
<
1
1=
=
9
&
>
=
<
<
(="
<
Q

—<— De Wind D7 in ABECHE
—©— Bonus IMW/54 in MONGO

T T T T

Jan Feb Mar Apr May Jun
Month

Jul Aug Sep Oct Nov

Dec

Figure 5. Comparison of the monthly profile of the capacity factor variation of the best turbines in the two cities at different hub
heights

The performance of the turbines is better at Mongo than at
Abeche because the latter is less windy. This has an impact on
the operation of the turbines at their nominal speed. These
preferences are from an energy point of view. However, from
an economic point of view, the choices can change depending
on the purchase price of the turbines, maintenance costs and
the size of the site.

Figure 5 shows an almost similar pattern of profiles at
different hub heights of capacity factors for each turbine useful
in each city. It shows the most favorable and unfavorable times
for the generating capacity of the De Wind D7 and Bonus 1
MW/54 turbines in Abeche and Mongo respectively. These
periods correspond on the one hand to the periods of the rainy
season during which the meteorological parameters
significantly influence the frequency of the wind speed and its
intensity as well as other aspects that are sources of turbulence
and on the other hand by the weak influence of its

3.4 Techno-economic analysis of the choice of wind
turbines on the different sites

After estimating the wind potential in the cities considered
in this study and simulating the monthly and then annual
electricity production capacity at different hub heights, it is
important to make an economic analysis of the wind farm
installation project. This analysis is based on the evaluation of
the cost of electricity produced for different wind turbines used
at 30m, 50m and 70m. Based on the range of specific wind
turbine costs given in Table 8, and Table 9 presents the
estimation results.

Table 8. Range of specific wind turbine costs based on rated
power [41]

Wind Turbine Size  Specific Cost Mean Specific Cost

meteorological parameters on the wind characteristics (dry (kW) ($/kW) ($/kW)
season). This capacity factor is strongly dependent on the <20 2200-3000 2600
intermittent nature of the wind. Taking into account the 20-200 1250-2300 1775
experimental range of capacity factor values given in the >200 700-1600 1150
literature, Cr results in Table 8 and Table 9 below 59% are
considered more significant.
Table 9. Results of the economic analysis of the wind study in the cities of Abeche and Mongo
ABECHE
At 30m
Bonus 300kW/33 Bonus 1IMW/54 Vestas 2MW/80 De Wind D7 De Wind D8
Et«(MWh/Year) 325 811 916 3112 2526
Cr (%) 124 9.3 5.2 23.7 144
CPU ($/kWh) 0.196 0.307 0.543 0.120 0.197
At 50m
Et(MWh/Year) 9799 24082 30558 97076 76736
Cr (%) 18.6 13.7 8.7 36.9 21.9
CPU ($/kWh) 0.130 0.207 0.326 0.077 0.130
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At 70m

Et: (MWh/Year) 12883 31313
Ct (%) 245 17.9
CPU ($/kWh) 0.099 0.159

MONGO
At 30m
Bonus 300 kW/33 Bonus 1IMW/54

Et«(MWh/Year) 897 2251
Ct (%) 34.2 25.7
CPU ($/kWh) 0.071 0.094

At 50m
E: (MWh/Year) 1286 3177

Ct (%) 49 36

CPU ($/kWh) 0.050 0.067

At 70m
Et (MWh/Year) 1655 4043
Ct (%) 63.0 46.2
CPU ($/kWh) 0.039 0.053

41661 130861 101488
11.9 49.8 29.0
0.239 0.057 0.098
Vestas 2MW/80 De Wind D7 De Wind D8
3125 8491 6953
17.8 64.6 39.7
0.136 0.038 0.061
4541 12579 10049
26 96 57
0.094 0.025 0.042
5830 16512 13000
33.3 125.7 74.2
0.073 0.019 0.033

In Abeche, the cost per unit varies between $0.0557/kWh at
70 m and $0.543/kWh at 30m. However, the turbine with the
best cost per unit is the De Win D7 wind turbine with a
minimum of $0.0557/kWh when used at 70m producing an
electrical energy of 130861MWh/year with a capacity factor
of 49.8% and a maximum of $0.120/kWh at 30m with an
electrical production capacity of 23.7%.

At Mongo, the cost per unit ranges from $0.0442/kWh at
50m to $0.136/kWh at 30m. The turbine with the best cost per
unit is the Bonus 1MW/54 turbine with a minimum cost of
$0.053/kWh when evaluated at 70m and $0.094/kWh at 30m
with a capacity factor of 25.7% for an annual electricity
production of 2251MWh/year. However, taking into account
the rated characteristics, this turbine at 50m presents the cost
per unit of 0.0678/kWh of a 36% production capacity.

The minimum and maximum energy costs per unit in these
two locations evaluated with the best turbine selection are very
competitive compared to the electricity prices paid by
consumers in the household sector in Chad, which is
approximately $0.16/kWh. The installation of a wind farm in
these cities will significantly improve the socio-economic
situation and welfare of households allowing them to develop
income-generating activities at an accessible cost of electricity
for all, thus meeting the 7th sustainable development goal.
However, massive investment in research and development
could positively improve the efficiency of the wind farms and
its components while generating local added value by
contributing to and diversifying the Chadian energy mix. This
will constitute a vector of economic growth and structural
development.

4. CONCLUSIONS

In this study carried out in Chad in the cities of Abeche and
Mongo the wind potential and wind energy were estimated and
an economic analysis was carried out based on a long series of
measured wind speed data. From this entire study the
following conclusions can be drawn:

o The descriptive analysis shows that the city of Mongo
is windier than the city of Abeche by an average of 4.09m/s
and 3.28m/s respectively.

o The analysis of the parameters of the Weibull
distribution statistic indicates that at 10m height the energy
density of the wind increases with the intensity of the wind
speed in both cities and that the wind speed is less stable and
less intense in Abeche while in Mongo it is more intense and

64

more stable. This is due to the influence of turbulence sources
quantified at about 22.15% in Abeche and 19.93% in Mongo
on the spatial and temporal distribution of the wind speed.

. The vertical extrapolation of Weibull parameters and
wind speed from 10m to 100m shows a good positive
correlation between height and wind speed, which also
improves the stability and intensity of wind in these cities. This
extrapolation is more favorable for Mongo than for Abeche.

. Among the wind turbines of different characteristics
used in the two cities, the results indicate that the De Wind D7
turbine is more suitable with a better production capacity of
49.8% at 70m in Abeche and the Bonus IMW/54 turbine with
a production capacity of 36.3% at 50m in Mongo.

. The economic analysis based on the CPU calculation
shows that the best minimum costs ($0.057/kWh in Abeche at
70m and $0.067/kWh at 50m in Mongo) obtained are from the
use of the same turbines considered adequate in terms of
capacity factor above. These minimum and maximum energy
costs per unit obtained by using these two best turbines in the
two cities are more competitive compared to the electricity
price paid by consumers in Chad of about $0.16/kWh.

Thus, in the Sahelian climate zone, particularly in the cities
of Abeche and Mongo, for electricity production, the De Wind
D7 turbine and the Bonus 1MW/54 turbine are recommended
for the construction of wind farms respectively. Given the
intermittent nature of wind, a hybrid system would be a more
efficient and sustainable solution for continuous power
generation.
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NOMENCLATURE

CPU cost per unit, $/kWh

PVC present value costs, $

WPD wind power density, W/m?

WED wind energy density, kWh/m?

f(v) function of density of probability of Weibull

F(v) cumulative distribution function

k shape factor (dimensionless)

c scale factor (m/s) and C>0

G scale parameter at standard height, m/s

Cr capacity factor (%)

Comr operating, repair and maintenance cost, $

Ci capital cost, $

Et energy pattern factor, Wh

n number of observation

m function

i rate of inflation

| turbulence index

J increment index

S supplementary cost, $

v mean wind speed, m/s

Vmp most probable wind speed, m/s

VmaX,E Speed of the maximum energy, m/s

v, extrapolated wind speed, m/s

vy wind speed at standard height, m/s

Vi, rated wind speed (m/s)

Ve cut-in wind speed (m/s)

Vs cut-off wind speed (m/s)

Z, Standard height, m

K, shape parameter at extrapolated height

Ko shape parameter at standard height



Cz

POUt
Pr

scale parameter at extrapolated height, m/s
lifetime, year

time, hour

altitude, m

mean output power, KW

rated power, KW

discount rate (%)
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Greek symbols

'O".lq

Standard deviation
gamma function
air density, kg/m?®

air density at sea level, kg/m?3





